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ABSTRACT.—Ecosystem restoration efforts have been ongoing on the Channel Islands of California since the 1980s.
Although these island ecosystems evolved without ungulate grazers, large nonnative grazers, including sheep, cattle,
feral pigs, deer, and elk, were present on the islands for over 160 years. Intensive grazing led to reductions in the extent
of woody vegetation, increases in the area of grassland and bare ground, and widespread landsliding and gully erosion.
This study focuses on Santa Rosa Island, the second largest (215.3 km2) island in Channel Islands National Park. After
the park was created in 1980, the National Park Service progressively removed nonnative grazers to facilitate the
restoration of native vegetation and the wildlife communities they support. We constructed a time series (1989 to 2015)
of Landsat TM5 and Landsat 7 ETM+ images to evaluate large-scale and long-term vegetation change in response to
grazer removal on Santa Rosa Island. We also evaluated the influence of slope percent, which can be an indicator of
past grazing accessibility, on ecosystem recovery. Results indicate that removing nonnative grazers led to passive
restoration of 42.1 km2 of scrub, chaparral, and woodland vegetation. In contrast, the area of grassland vegetation
decreased by 31.2 km2 and bare ground decreased by 12.0 km2. The extent of scrub and woodland vegetation recovery
was greater on gentle and moderate slopes compared to steep slopes, indicating that terrain does influence passive
restoration. Despite changes in vegetation cover, 5.4 km2 has remained bare. Much of the bare ground is on ridgelines
that were denuded down to the bedrock or regolith. Active restoration will be necessary on bare ridgelines, such as
erosion control, fog capture, and oak woodland reforestation.
RESUMEN.—Los esfuerzos por restaurar el ecosistema en las Islas del Canal (Channel Islands) de California se han
llevado a cabo desde la década de 1980. Aunque estos ecosistemas insulares evolucionaron sin la presencia de herbívoros ungulados, una gran cantidad de animales de pastoreo no nativos, tales como ovejas, vacas, jabalíes, ciervos y
alces, han estado presentes en la isla durante más de 160 años. El pastoreo intensivo redujo la extensión de la vegetación
leñosa, aumentó las áreas de pastizales y de suelo raso, y promovió deslaves generalizados y la erosión de barrancos.
Este estudio se enfoca en la isla Santa Rosa, la segunda isla más grande (215.3 km2) del Parque Nacional de las Islas del
Canal. Después de que el parque fue decretado en 1980, el Servicio de Parques Nacionales eliminó progresivamente a
los animales de pastoreo no nativos para facilitar la restauración de la vegetación nativa y las comunidades de vida
silvestre que soporta. Construimos una línea de tiempo (1989 a 2015) sobre las imágenes Landsat TM5 y Landsat 7
ETM+ para evaluar el cambio de vegetación, a gran escala y a largo plazo, en respuesta a la erradicación de animales de
pastoreo en la isla Santa Rosa. También, evaluamos la influencia que tiene el porcentaje de pendiente en la recuperación
del ecosistema, ya que puede ser un indicador de la accesibilidad para el pastoreo en el pasado. Los resultados indican
que la erradicación de animales de pastoreo no nativos, condujo a la restauración pasiva de 42.1 km 2 de matorrales,
chaparrales y vegetación leñosa. Por el contrario, el área de pastizales disminuyó a 31.2 km2 y el suelo raso a 12.0 km2.
La recuperación de extensión de vegetación de matorral y arbórea fue mayor en pendientes poco pronunciadas y moderadas en comparación a la de pendientes pronunciadas, indicando que el tipo de terreno sí influye en la restauración
pasiva. A pesar, de los cambios en la cubierta vegetal, 5.4 km2 permanecieron rasos. La mayor parte del suelo sin vegetación
se encuentra en cordilleras que fueron erosionadas hasta los cimientos o regolito. Es necesario restaurar las cordilleras
que permanecen sin vegetación, con medidas tales como el control de la erosión, la captura de niebla y la reforestación
de bosques de robles.

The isolated nature of island archipelagos
such as the Channel Islands of California
offer unique insights into the process of
large-scale ecosystem restoration. Island
ecosystems that naturally lack large ungulate

grazers are vulnerable to grazing, yet their
geographic isolation creates opportunities to
remove nonnative grazers and allow ecosystem
recovery (McEachern et al. 2009, Glen et al.
2013). Plants of the Channel Islands evolved
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without grazers, and many of the native plants
did not retain or develop defense mechanisms
such as thorns or secondary compounds, making them more susceptible to grazing (Philbrick 1980, Lombardo and Faulkner 2004, Krajick 2005, Duncan and Forsyth 2006, Reaser
et al. 2007, McEachern et al. 2009, Rick et al.
2014). Due to a history of intensive ranching
since the mid 1800s, large areas of scrub,
chaparral, and woodland vegetation were
converted to European annual grassland and
bare ground across the Channel Islands (Allen
1996). In addition, reduced vegetation cover
and disturbance to biological soil crusts induced widespread landsliding and gully erosion beginning in the late 1800s (Brumbaugh
1982, Van Vuren and Coblentz 1987, Klinger
et al. 2002, Pinter and Vestal 2005, Perroy et
al. 2012). Erosion was so severe that some
highland ridgelines were denuded down to
the exposed bedrock or regolith (Van Vuren
and Coblentz 1987, Halvorson et al. 1988).
Following the formation of Channel Islands
National Park in 1980, the National Park Service (NPS) progressively removed all nonnative grazers from the park. Nonnative grazer
removal resulted in extensive recovery of
scrub, chaparral, and woodland vegetation
(Corry and McEachern 2009, Beltran et al.
2014, Rick et al. 2014, Woolsey et al. 2018).
However, the influence of grazing accessibility
and terrain variability on ecosystem restoration
has not been explored. The impact of grazing
is not uniform across the landscape because
animals respond to variations in topography,
plant community composition, and soil fertility
(Milchunas 2006). Portions of the islands were
less accessible to grazers, such as steep slopes
and ravines, and grazing pressure was more
detrimental in flat or gentle slopes (Allen
1996). Many native island species may have
persisted in refugia that were less attractive
to grazers such as rock outcrops, ravines, or
steep, inaccessible slopes (Milchunas and NoyMeir 2002, Smart et al. 2002, Steers 2010).
Such inaccessible areas may have also been
more resistant to invasion by nonnative grasses
due to lower nutrient content and higher water
stress (Bennie et al. 2006). Therefore, the conversion of woody vegetation to European
annual grassland and bare ground may have
been greater in flat to gently sloping areas.
In addition to the heterogeneity of grazing
impact, both the trajectory and rate of passive

restoration may differ in response to terrain
variability (Larkin et al. 2006). Competition
from nonnative grasses can limit the recovery
of woody species at the seedling establishment
stage (Yelenik and Levine 2010). This barrier
may be easier to overcome on steep and rocky
slopes compared to flat or gently undulating
areas that had been under intensive grazing
pressure and where nonnative grasses became
well established. Ecosystem recovery may also
differ depending on the extent of vegetation
and soil degradation, aspect, and the way in
which slope position affects water collection
or distribution. For example, ridgelines may
remain bare and denuded over time or recover
only very slowly.
The objective of this study was to examine
long-term vegetation change as an indicator
of ecosystem restoration following nonnative
grazer removal on Santa Rosa Island (SRI),
the second largest of the Channel Islands.
SRI sustained large populations of sheep,
cattle, feral pigs, deer, and elk from the mid
1800s to 2011. We also evaluated the influence
of slope steepness, which may have been
correlated with past grazing accessibility, on
ecosystem recovery. We constructed a time
series (1989–2015) of vegetation change on
SRI using classified Landsat TM5 and Landsat
7 ETM+ images. We then analyzed relative
change in the aerial extent of vegetation by
terrain metrics such as slope steepness, curvature, and aspect. We present preliminary
results of the quantification of long-term and
large-scale vegetation change and an analysis
of one terrain metric, slope steepness.
STUDY AREA
Santa Rosa Island (SRI) is located 42 km
off the coast of California (33°58 N, 120°5 W)
(Fig. 1). The island is 215.3 km2 and summits
at 482.5 m above sea level. The rugged topography comprises east-to-west trending highlands with lateral canyons extending north
and south. The island is nearly surrounded by
marine terraces. Two extensive flat to gently
sloping terraces are located on the northern
part of the island (Carrington Point) and on
the eastern side of the island (Bechers Bay).
The island has a maritime Mediterranean climate with the majority of the precipitation
falling between October and April and a yearround prevailing northwest wind. Fog drip
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Fig. 1. Location of Santa Rosa Island in Channel Island National Park, 42 km off the coast of California.

contributes significant summer moisture to
ecosystems. The vegetation types on SRI are
valley and foothill grassland, coastal scrub
(coyote brush scrub, coastal sage scrub, lupine
scrub, caliche scrub, and coastal bluff scrub),
island chaparral, and woodlands (oak, mixed,
and island pine woodlands) (Tiszler et al.
2016). There are 6 endemic plant species and
4 rare and ecologically important tree species
on the island, including Quercus tomentella
(island oak), Pinus torreyana ssp. insularis
(Torrey pine), Pinus muricata (bishop pine),
and Lyonothamnus floribundus ssp. aspleniifolius (island ironwood) (Philbrick 1980).
Santa Rosa Island has a long history of
human influence. People were present by
13,000 BP, and Island Chumash settlements
were established by 8000 BP ( Johnson 1999,
Schoenherr et al. 1999, Rick et al. 2014). The
Island Chumash relied heavily on the marine
and intertidal environments for food and other
resources (Gill 2013, Rick et al. 2014). The
Island Chumash also consumed and dispersed
edible plants such as Calandrinia ciliata (red
maids), Opuntia littoralis (prickly pear), and

Dichelostemma capitatum (blue dicks). Although
the extent of anthropogenic burning is unclear
(Anderson et al. 2010, Hardiman et al. 2016),
prescribed burns may have been used to
promote grasses for basketry, roof thatching,
ropes, nets, and fastening tools (Orr 1966,
Allen 1996, Braje et al. 2007). Early fires may
have cleared vegetation, increased patchiness,
and contributed to the formation of grasslands
that persist to this day (Anderson 2005, Gill
2013, Rick et al. 2014).
Nonnative ungulates were introduced to
SRI when ranching began after the Cabrillo
family was granted land by the Mexican government in 1843. Herds consisted of 60,000 to
100,000 sheep and a small number of cattle
until 1910, when the sheep were removed and
cattle herds increased to 6000 to 7000 head.
While cattle prefer gentle to moderate slopes
in the lowlands, sheep prefer to graze highelevation grasslands and can tolerate steeper
slopes (McDaniel and Tiedman 1981, Falú et
al. 2014, Larson et al. 2015). Odocoileus
hemionus (mule deer) and Cervus canadensis
roosevelti (Roosevelt elk) were introduced in

790

WESTERN NORTH AMERICAN NATURALIST (2018), VOL. 78 NO. 4, PAGES 787–798

the late 1880s for commercial hunting and
were managed at 1200 head. Deer and elk
browsed the ravines and steep slopes that
were less accessible to domesticated animals
(Ganskopp and Vavra 1987, Carson and Peek
1987, Stewart et al. 2002). A population of
escaped feral pigs was also established by the
late 1800s. Rooting by feral pigs disturbed
root systems, helped promote invasive
species, and impacted regeneration of Quercus tomentella and Q. pacifica (island scrub
oak) woodlands on highland ridges (BarriosGarcia and Ballari 2012).
The National Park Service (NPS) acquired
SRI in 1986 with the exception that the Vail and
Vickers Ranch retained a 25-year reservation
in Bechers Bay. NPS ungulate management on
SRI began with a reduction in cattle numbers
and a shoot-on-sight policy for feral pigs.
Although the feral pig numbers dropped dramatically, NPS had to hire contract hunters
to clear one pasture at a time before this destructive species was fully eradicated in 1993
(Lombardo and Faulkner 2004). Cattle were
removed when NPS shipped all cattle to the
mainland in 1998. In order to eliminate the
game populations, NPS closed the island to
the public and hired professional hunters over
a 4-month period to eliminate the estimated
100 remaining deer and elk in 2011, ending
over 160 years of grazing management on SRI.
The only ungulates now left on the island are
7 wild horses that are considered too old to
make the journey back to the mainland.
METHODS
We combined image classification, terrain
analysis, and ground-truth methods for this
study. We constructed a time series of 8 Landsat satellite images from 1989 to 2015. The
time series was focused around the key dates
for nonnative grazer removal, including preand post-baseline years to the extent feasible.
Landsat TM5 images were used for 1989,
1991, 1993, 1998, 2003, 2010 and 2011, and
Landsat 7 ETM+ was used for 2015. All
images were downloaded from the U.S. Geological Survey (USGS 2014), were from the
same season in each year (March and June),
and had USGS Level LT1 geometric and radiometric calibration. We performed a dark-object
subtraction on all image years to normalize
solar radiation and allow comparison between

years (Chavez 1988). Note that geometric and
radiometric adjusted Landsat 8 images were
not available at the time of study, which would
have extended the time series and allowed
enhanced image classification.
We classified the Landsat images with a
supervised maximum likelihood classification.
We defined 6 cover types: bare ground, grassland, scrub, chaparral, woodland, and sand.
We selected regions of interest (ROIs) using
data from 79 permanent vegetation transects
from the NPS Inventory and Monitoring Program (Tiszler et al. 2016), from which we extracted training pixels of known cover types
from across the island. We created additional
ROIs of known cover types based on field
observation and by interpreting Google
EarthTM imagery from 8 March 2013. We
selected multiple ROIs for each cover type
that spanned a variety of landforms to account
for variability in reflectance values resulting
from terrain variability (slope, aspect) and
different soil types. We edited the training
samples derived from the ROIs by reviewing
the scatterplots and eliminating outlier pixels
that did not fit in a band ratio region for a given
cover type. Note that to account for potential
vegetation change within the ROIs during
the study period, we edited the ROI polygons
for the early time series years (1989–1998) by
overlaying the polygons and comparing with
historic aerial photographs (2 September
1994) from Google EarthTM.
We tested the 2011 Landsat TM5 image
and the 2015 Landsat ETM+ image for
accuracy using 210 ground-truth points. We
collected a sample of ground-truth points for
all cover types, including bare ground (n =
27), grassland (n = 44), scrub (n = 58), chaparral (n = 24), woodland (n = 34), and sand
(n = 23). Ground-truth points were collected
at Carrington Point, Skunk Point, East Point,
Black Mountain, Soledad Peak, Sandy Point,
Arlington Beach, Lobo Canyon, Windmill
Canyon, and Torrey Pines. Ground-truth points
were collected on transects with points spaced
250 m apart. Additional ground-truth points
were selected from aerial photographs to increase the sample size for rare or problematic
cover types (e.g., bare ground on highland
ridges, sand–dune vegetation gradients, grassland–scrub gradients). We selected the additional ground-truth points in areas with at least
a 30-m radius of a known vegetation type. The
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ground-truth points were recorded in North
American Datum 1983, Universal Transverse
Mercator Zone 11N (NAD 1983 UTM ZONE
11N) with a Garmin 650t handheld GPS.
Many vegetation boundaries are diffuse
and patchy on SRI, especially in areas where
shrubs are colonizing grassland areas. Previous
studies have therefore found a high degree of
error and interannual variability in classified
Landsat images on the Channel Islands (Cobb
and Mertes 2000, Willis 2016). We adapted
the accuracy assessment method developed
by Cobb and Mertes (2000) to map vegetation
gradients on Santa Cruz Island with Landsat
TM5 images. Cobbs and Mertes (2000) used a
weighted accuracy assessment for each point.
We modified their weighted scale and assigned
classification accuracy points as follows: 1.0 =
absolutely correct; 0.66 = incorrect, but the
point is offset by ≤3 m; 0.33 = incorrect, but
interpretable; and 0.0 = absolutely incorrect.
We conducted the accuracy assessment using
both weighted and nonweighted methods to
allow comparison with other vegetation classification studies.
The pixel count for each cover type was
converted to area (km2) for each image year.
The Landsat 7 ETM+ images have data dropout bands, and these areas were accounted
for when calculating vegetation cover for 2015.
To account for high interannual variability, we
performed the change detection analysis
through linear regression methods rather than
by simply subtracting the 1989 cover areas
from the 2015 cover areas. The 1989 area (km2)
and the 2015 area (km2) were calculated for
each cover type using the regression equation.
The percent change from 1989 to 2015 and
the annual rate of change were also calculated
for each cover type.
We used a 1-m-resolution digital elevation
model (DEM) generated by NPS in 2011 for
the terrain analysis. We calculated slope percent and used a low-pass filter to aggregate
larger landform areas and reduce microtopographic variability. We classified the slope
layer by gentle slopes (0% to 9.9% slope),
moderate slopes (10.0% to 29.9% slope), and
steep slopes (≥30% slope) in order to use it
as an indicator of grazer accessibility (Fig. 2).
We assumed that gentle slopes were the most
accessible and heavily grazed, moderate slopes
were moderately accessible and lightly grazed,
and steep slopes were poorly accessible and
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very lightly grazed by deer and elk (Ganskopp and Vavra 1987, Carson and Peek 1987,
Falú et al. 2014, Larson et al. 2015). The cover
change detection by slope was conducted by
extracting the pixel counts for each slope
class in each of the 24 watersheds on SRI. We
calculated the mean area change (km2) and
the percent change (%) for each cover type in
each watershed. We tested statistical significance of the change detection by slope
through a one-way ANOVA assuming equal
variance and a Tukey’s post hoc comparison of
means. The woodland cover was tested with a
Browne–Forsythe ANOVA assuming unequal
variance, using a Games–Howell post hoc
comparison of means. We also calculated curvature, aspect, and flow accumulation from the
1-m DEM to conduct an exploratory analysis
of other terrain metrics.
RESULTS
The weighted accuracy of the 2011 Landsat TM5 classified image was 79.0%, and the
nonweighted accuracy was 73.1% (Table 1).
The weighted accuracy of the 2015 Landsat 7
ETM+ classified image was 72.7%, and the
nonweighted accuracy was 72.0%. The accuracy differed by cover type for both classified
images (Table 1). For the 2011 Landsat TM5
classified image, the highest accuracy was for
sand and the lowest accuracy was for woodland. For the 2015 Landsat 7 ETM+ classified
image, the highest accuracy was for sand and
the lowest accuracy was for scrub.
The time series of classified images showed
an increase in the total aerial extent of scrub,
chaparral, and woodland and a decrease in
grassland and bare ground over time (Fig. 3).
The variability in cover from year to year
was high, especially for grassland and scrub
(Fig. 4). However, there was a trend over time
(positive or negative) for all cover types except
sand. For some cover types, the rate of change
appeared to be slowing in 2010, 2011, and
2015, but a clear asymptote or equilibrium
was not apparent for any vegetation type.
The magnitude of total cover change from
1989 to 2015, as estimated from the regression
equation, ranged from a low of 0.9 km2 for
sand to 31.0 km2 for grassland (Table 2). The
cover types with the highest total change were
increased scrub cover and decreased grassland cover. Sand cover remained relatively
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Fig. 2. The slope layer used to extract vegetation change by slope. Slope percent was calculated from a 1-m DEM;
a low-pass filter was applied to aggregate landforms and reduce topographic variability; and slope percent was stratified
by gentle slopes, moderate slopes, and steep slopes. The gentle slopes are mostly in the marine terraces in the northern
and eastern part of the island. At this scale, gentle slopes were also modeled in the channels and broad floodplains that
flow through the marine terraces, and on the gently sloping highland ridges. Steep slopes are located below highland
ridges, on ravine side slopes, and on coastal bluffs.
TABLE 1. Accuracy assessment for the 2011 Landsat
TM5 classified image and the 2015 Landsat 7 ETM+
classified image. Accuracy was assessed with 210
ground-truth points collected in 2014. The accuracy
percent (%) is presented using a weighted accuracy for
comparison with other studies. Nonweighted values are
in parentheses. Further details are presented in the
methods.
Cover type

n

2011 accuracy

2015 accuracy

Bare
Grassland
Scrub
Chaparral
Woodland
Sand
TOTAL

27
44
58
24
34
23
210

90.1 (85.2)
72.7 (63.4)
77.0 (74.1)
83.3 (83.3)
59.8 (47.1)
91.3 (82.6)
79.0 (73.1)

80.2 (77.8)
65.2 (63.6)
58.6 (56.9)
59.7 (58.3)
79.4 (79.4)
95.7 (95.7)
72.7 (72.0)

stable over time. The total percent change in
cover revealed a different trend, depending on
start and end points. Percent change ranged
from a low of 14.2% for chaparral and a high of
108.6% for woodland.
The mean area change in bare ground,
grassland, and chaparral was similar when
comparing gentle, moderate, and steep slopes
(Fig. 5). However, there was a statistically

significant difference in the mean area change
of scrub cover and woodland cover by slope
(Fig. 5). The mean area change in scrub cover
was significantly lower for steep slopes compared to moderate slopes (P = 0.049) and
gentle slopes (P = 0.003) (Fig. 6). The mean
area change for scrub was similar when comparing moderate and gentle slopes. The mean
area change in woodland cover was significantly
lower on gentle slopes compared to moderate
slopes (P = 0.006), but the mean area change
in woodland was similar on gentle and moderate slopes compared with steep slopes.
The analysis of percent change in cover
revealed a similar trend, with similar mean
percent change in bare ground, grassland, and
chaparral cover on gentle, moderate, and steep
slopes. However, there was a statistically significant difference in the mean percent change
of scrub and woodland cover by slope. There
was a greater mean percent change in scrub
cover on gentle slopes compared to moderate
slopes (P < 0.001) and steep slopes (P <
0.001), but the mean percent change in scrub
was similar when comparing gentle slopes to
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Fig. 3. Representative years (1989 and 2011) from the time series of vegetation change on Santa Rosa Island, California.
The time series was built from classified Landsat TM5 images (1989 to 2011) and a Landsat 7 ETM+ image (2015).
A maximum likelihood classification was used to map 6 major cover types at the island: bare ground, grassland (valley
and foothill grassland), scrub (coastal sage scrub, coyote brush scrub, lupine scrub, coastal bluff scrub, and caliche
scrub), island chaparral, woodland (oak woodland, mixed woodland, riparian woodland, and island pine woodland), and
sand. Note that the data dropout bands in the 2015 Landsat ETM+ image were masked out and accounted for when
calculating the area of each cover type.
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Fig. 4. Time series (1989 to 2015) of vegetation change on Santa Rosa Island, California. Note the high interannual
variability in cover. Change detection was estimated via linear regression rather than absolute change calculated by
subtracting the 1989 cover areas from the 2015 cover areas.
TABLE 2. Vegetation change from 1989 to 2015 at Santa Rosa Island, California. The 1989 to 2015 total area changes
and percent area changes were estimated using the regression equation for each cover type (see Fig. 4).

Bare
Grassland
Scrub
Chaparral
Woodland
Sand

Area 1989
(km2)

Area 2015
(km2)

Total change
(km2)

17.5
99.6
69.3
16.0
10.7
2.7

5.6
68.6
97.4
18.3
22.4
3.6

−12.0
−31.0

−68.3
−31.1

28.1
2.3
11.7
0.9

40.6
14.2
108.6
31.8

moderate and steep slopes. There was a higher
mean percent change in woodland cover on
gentle slopes compared to steep slopes (P =
0.47), but the mean percent change in woodland cover was similar when comparing steep
and moderate slopes or when comparing
moderate and gentle slopes. Note that percent change in cover was very high for some
vegetation types in some areas. An example is
the very high percent change in woodland
cover on gentle slopes, which occurred where
woodlands regenerated in watersheds with
negligible woodland cover in 1989.
DISCUSSION
The accuracy of classified images in the
current study (2011 = 79% and 2015 = 72.7%)

Percent change
(%)

r2
0.81
0.62
0.53
0.29
0.58
0.25

was similar or higher than in other studies
using Landsat images to evaluate vegetation
change on the Channel Islands. Cobb and
Mertes (2000) reported a mean accuracy of
69.0% with a low ground-truth sample size
(n = 77). Willis (2016) did not report mean
accuracy, but the accuracy assessment of the
same cover types that are in this study ranged
from 30.4% for scrub to 94.4% for woodland.
One possible reason for the high classification error for Channel Island vegetation relative to the generally accepted standard of
70% to 85% accuracy (Foody 2002) is the
strong reflectance from background soils in
addition to the influence of slope and aspect.
Accounting for soils by delineating ROIs across
different soil types may have contributed to
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0.0-9.9% slopes
0.8

10.0-29.9% slopes
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ุVORSHV
0.4

0

Bare

Grassland

Scrub*

Chaparral

Woodland*

-0.4
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-1.2
Fig. 5. Comparison of area cover change on gentle (0.0% to 9.9%), moderate (10.0% to 29.9%), and steep (≥30%)
slopes. The area change was based on the 1989 and 2011 Landsat TM5 images and calculated by extracting the area of
each cover type by slope class for the 24 watersheds on Santa Rosa Island, California. Area cover change is presented as
the mean +
– standard error (km2). Sand was excluded from the analysis because sand cover remained relatively stable
over time. Statistical significance was tested with a one-way ANOVA assuming equal variance and a Tukey’s post hoc
comparison of means. The woodland cover was tested with a Browne–Forsythe ANOVA assuming unequal variance,
using a Games–Howell post hoc comparison of means. An asterisk (*) denotes a statistically significant difference when
change of a cover type is compared by slope class (P < 0.05).

the higher accuracy of the image classification
in this study.
There is high interannual variability in vegetation cover in the time series. In addition to
rainfall variability, the high classification error
likely contributed to the high variability
observed in the analysis of long-term change
in cover. Regression is one way to address
this variability and evaluate long-term trends
over large scales. However, additional data
points need to be generated by classifying
more image years before drawing conclusions
about changes in the rate of change in cover
and whether vegetation has recovered to the
point of reaching a new equilibrium at Santa
Rosa Island.
The evidence suggests that the total aerial
extent of woody vegetation types (scrub,
chaparral, and woodland) increased and the
total aerial extent of grassland vegetation and
bare ground cover decreased at SRI. These
conclusions are consistent with other studies
of vegetation change following removal of

nonnative grazers on the Channel Islands
(Cobb and Mertes 2000, Corry and McEachern 2009, Beltran et al. 2014, Rick et al.
2014, Willis 2016). The lower level of change
in mean scrub and woodland cover on steep
slopes compared to gentle or moderate slopes
is consistent with decreased accessibility and
grazing pressure on steep slopes. If grazing
impact to woody vegetation were lower on
the steepest slopes where grazing pressure
was restricted to deer and elk, then the extent
of recovery would also be lower. However, it
is also possible that some recovery occurred
after sheep were removed and replaced by
cattle after 1910, as sheep can tolerate slightly
steeper slopes than cattle (Klinger et al. 2002).
The large increase in mean woodland cover
on gentle slopes is consistent with riparian
restoration following deer and elk removal that
was observed in broad flat channels that meander through the marine terraces (Wagner et al.
2004). These results support our hypothesis;
however, further analysis is necessary to test
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Fig. 6. Comparison of percent cover change on gentle (0.0% to 9.9%), moderate (10.0% to 29.9%), and steep (≥30%)
slopes. The percent change was based on the 1989 and 2011 Landsat TM5 images and was calculated by extracting the
area of each cover type by slope class for the 24 watersheds on Santa Rosa Island, California. Percent cover change is
presented as the mean +
– standard error (km2). Sand was excluded from the analysis because sand cover remained relatively stable over time. Statistical significance was tested with a one-way ANOVA assuming equal variance and a Tukey’s
post hoc comparison of means. The woodland cover was tested with a Browne–Forsythe ANOVA assuming unequal
variance, using a Games–Howell post hoc comparison of means. An asterisk (*) denotes a statistically significant difference when percent change of a cover type is compared by slope class (P < 0.05).

hypotheses about how terrain variability affects
the rate and/or trajectory of passive restoration. Future studies will focus on combining
percent slope with other metrics such as
aspect, curvature, and flow accumulation.
Despite the observed changes in vegetation cover, 5.4 km2 of bare ground remains on
the island, much of it on bare and denuded
ridgelines. Previous studies indicate that denudation on ridgelines occurred in the late
1800s and was associated with the highest
sheep grazing intensity (Van Vuren and Coblentz 1987, Klinger et al. 2002, Pinter and
Vestal 2005, Perroy et al. 2012). Some Q.
tomentella trees on the ridgelines have root
crowns close to 1 m above the current surface,
indicating that up to 1 m of soil profile has
been lost. Historic air photos are available
dating back to 1929, and while it is difficult
to differentiate between vegetation types, the
bare ground areas are clearly discernible and
little to no succession has occurred there since
1929. Active intervention is necessary to restore

these areas to the reference vegetation, which
is a mix of low-growing herbaceous vegetation, coyote brush scrub, and emergent oaks
depending on soil depth (Kindsvater 2006,
Woolsey et al. 2018). NPS is currently installing
wattles, check dams, leaf litter traps, and fog
capture screens to build soil resources and
prepare for oak reforestation on Soledad Ridge
at SRI. The increased woody vegetation at
SRI can contribute fog drip that is important
to groundwater recharge and maintenance of
downslope springs and stream base flow
(Sawaske and Freyberg 2015, Wang et al. 2017).
Oak groves also provide habitat for island vertebrate and invertebrate species (Koenig and
Stahl 2007, Sanchez and Hudgens 2015).
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